Lattice QCD - an Interacting Hadron Resonance Gas ?

Entropy density, pressure, entropy, Chi_B,Q,S of
Interacting HRG = Lattice QCD (WB-data, Borsanyi et al.)

. =

No Phase Transition at T_c = 155 MeV of 2+1 Flavor QCD !

. 2

Interact. Hadron Resonance Gas describes lattice QCD well
up to T~250 MeV, mix w. HTL QGP at higher T

. =

Trace anomaly, interaction measure, nonperturbative effects
the role of ‘Hot Hadrons’ ?

3/4/2016 Horst Stoecker




2+1 flavor Lattice QCD and Pure Yang Mills LGT
Energy density (EoS) DIFFERENT for different quark masses
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Multi-component
Eigenvol. HRG
constrained by

lattice QCD data

Crossover QCD-EoS matches
HRG at low (T, u)
+ pert. QCD at high (T, u)

AKY, Kapusta group
PRC 90024915 (2014)
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+S(T, H)PpQCD (T, w)

Transition from

EV HRG (r; ~ m.”%)

to pQCD

atT, = 175 MeV

via switching function

Fit T < T, Ty = 0.43 fm -
Consistent with lattice

o Lattice QCD
= ="Diagonal" EV + pQCD, ¢, = 797 MeV/fm

= "Crossterms" EV + pQCD, ¢, = 704 eV
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Multi-component bag-eigenvolume HRG vs lattice QCD
Susceptibilities carry information about fine details of the equation of state
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cannot follow lattice data above T=160 MeV
Finite eigenvolumes of hadron bags:
dramatic improvement towards lattice data V. Vovchenko, H.ST

strange vs non-strange hadrons
different volumes at same mass?



Multi-component Eigenvol. HRG vs ALICE hadron vield data
= 2o A Ko
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Multi-component eigenvol. HRG constrained by lattice data
Crossover QCD-EoS matched by HRG at low (T, u) + pert. QCD at high (T, u)

p(T, 1) = [1 = ST, W]Purc(T, 1) + ST, W) Ppocp (T, WAKY PRCI0024915'14
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Multi-component eigenvol. HRG vs NA49 hadron yield data

Bag-model inspired EV model: r; ~ m:il/?’ Vovchenko,HS
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freeze-out parameters extraction with int. HRG does yield unique S/Afits !
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VoVchenko: NA49 data allow measurement of S/A= const (energy)!
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Signatures for pure glue => glueball scenario

New event-class in high multiplicity pp & pA
at FAIR*, RHIC and LHC

21



Time évolution of fugacity(g,q) -analogous to Nf (i)
BAMP[?_BOX calculation

"7 Xu, C.Greiner,
PRC71,064901(2005)

0.8 - n - 4
> | - (fugauty =n/n")
O 3 fugacity ~ ¥ flavor number Nf: Nf({)
% 0.6 - ST o 12 :
= ' 08 Fas on saturdtion,
0.4 _ 086 :1 N
gluon 04 sfow quark saturation
024 : 0.2 N )
------ quark N j0.1
o4 c
0 10 20 30 40 50
t [fm/c]

3/4/2016 Horst Stoecker 22



6 N I B ' * ' ' S B

- =——Full QCD ] 15 ==FullQCD —o6
5t === Pure Yang-Mils 4 === Pyre Yang-Mils

—53

0 P ! . ! \ ! . ! . 0 . ! \ ! \ ! . ! .
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

T (MeV) T (MeV)

FIG. 1. (Color online) Temperature dependence of the scaled pressure (a) and energy density (h)
obtained in lattice QCD calculations of Refs. [28, 31]. The solid and dashed lines correspond to
the FQ (N = 24 1) and PG (N = 0) cases, respectively. The horizontal arrows indicate the

asymptotic (Stefan-Boltzmann) values of P/T* and ¢/T* at large temperatures.



30

— o o
on () on

P (GeV/fm®)

- =FyllQCD

=== Pyre Yang-Mills

- e E:SP

100



Eff.Nf(t)

0.0

0.1

0.2

0.3

0.6

0.9

(MeV)
800

500
300

250

200

920

60

50
20

1] e

TCI‘OSSOVGI‘

Thadronization
Tfreeze out

Ofm/c

Eff. Nf(t): 0 0.1

Eff. Nf(t) is U.S. — parameter :

0.2

| fm/c 2fm/c

0.3 0.6

Nf = 2+1 ~ fugacity =1




Hydrodynamic expansien of pure glue and QGP with the 2 different EoS
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* Energy density smaller than 0.15 GeV is masked as HRG or glueball fluid
« The mixed phase lasts very long with pure SU(3) gauge EOS

LongGang Pang, V. Vovchenko, H. Niemi, HST




Time evolution T(t) of pp vs AA collisions at RHIC
p*p, s'°=62.4 GeV Au+Au, s""=62.4 GeV
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FIG. 3: (Color online) The 7-dependence of the temperature for QGP and pure SU(3) scenarios in
(a) p+p and (b) A+ A collisions at /sy = 62.4 GeV. The uncertainty bands result from variation

of the transverse radius. V- Yovehenko et al.
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FIG. 3: (Color online) Density plots of pressure (a) and energy density (h) for chemi-
cally non-equilibrium QGP calculated from Eqs. (5) and (6). The solid lines show contours

P =005 CeV /fm® (a) and ¢ = 0.5 GeV /i’ ().
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FIG. 4: (Color online) Density plots of the quark fugacity (a) and temperature (b) in the z — 7
plane for the 0-20% most central Ph+Pb collisions at \/syy = 2.76 TeV. The solid lines show
contours of A and T (in MeV). The dashed line in (a) corresponds to the isotherm T = 155 MeV.
The dark region labeled by FOPT corresponds to the mixed-phase region of the first-order phase

transition at T =T, ~ 270 MeV. The dashed lines in (b) are isotherms calculated for equilibrium



Pb+Pb, s"%=2.76 TeV Pb+Pb, s"%=2.76 TeV
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FIG. 8: (Color online) Spectra of direct photons in the 0-20% central Ph+Ph collisions at
VSvN = 2.76 TeV caleulated using Eqs. (13)-(14) with the cutoff temperatures Ty =155 (a)
and 125 (b) MeV. The dash-dotted, dotted and solid lines correspond to 7, = 0,1 and 5 fm/c,

respectively. Dots with error bars show experimental data |42|.
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FIG. 9: (Color online) Elliptic flow of direct photons as a function of transverse momentum in

the 0—40% central Ph+Pb collisions at /sy = 2.76 TeV calculated with the cutoff temperatures

Ty =155 (a) and 125 (b) MeV. The dash-dotted, dotted and solid lines correspond to 7, = 0,1
and 5 fm/c, respectively. Thick (thin) curves are calculated with (without) the contribution of

prompt photons in Eq. (15). Data are taken from Ref. [39],
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FIG. 10: (Color online) Elliptic flow of the direct (thick lines) and thermal (thin lines) photons for

the 0-20% (a) and 20-40% () central Ph+Pb collisions at /sy = 2.76 TeV.
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FIG. 11: (Color online) Invariant mass distribution of thermal dileptons in the 0-20% (a) and
20-40% (b) central Ph+Ph collisions at \/syy = 2.76 TeV calculated for 7, = 0,1 and 5 fm/c.

All results correspond to the cut-off temperature 1 = 155 MeV.
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FIG. 12: (Color online) Same as Fig. 11 hut for elliptic flow of thermal dileptons.
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|dentification of Glueballs

Lightest Glueball predicted near two states of same Q.N..

“Over population” Predict 2, see 3 states

Glueballs should decay in a flavor-blind fashion.

e KK inn:n'n':nn'=3:4:1:1:0

Production Mechanisms:
Certain are expected to by Glue-rich, others are

Glue-poor. Where do you see them?

Proton-antiproton
Central Production

Jhy decays

Courtesy of Curtis Meyer, Carnegie Mellon, ODU

October 30, 2007
Colloquium
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Observation of Glueballs in pp, pA, AA

violent pp (& AA) collisions * Observables from Columbia plot
initial state at LHC: « T>T _cp: Zero e.m. radiation

Color Glass Condensate  Measure T~270 MeV Dilepton mass
t=0.1fm/c: glue thermalizes « T_c: Flow collapse as barometer
pure glue-plasma created  T_cp: Critical Scattering (MG,WG),

« Kurtosis , # fluctuations

Quenched Lattice SU(3) c:
T c =270MeV * T_c~2"T_co =>
glue plasma -> GlueBall fluid *  P_t(pp) ~ 2*p_t(AA)

1. Order Phase Transition
« M _GlueBalls < 2GeV: ,No“ Baryons

Expansion to critical point * p/pi~0:Yield p+pBar << mesons
T cp =240 MeV t~1-2 fm/c « Lightest GlueBall decays:
GlueBalls + Hagedorn States Mix * - Nodecays to 2 Omega, no 2 Rho

more and more quarks produced: T c.o. ° Glue Flavor blind!
=155MeV crossover transition K/pi=1 Yields: Kaons ~ pions

3/4/2016 Horst Stoecker \/, Vovchenko & HAST 2015



Alternate Scenario: pure gauge matter in pp, pA-AA?

Initial Color Glass Condensate === Glasma thermalizes
fast equilibration of Gluons, slow equil. of quarks
high pressure, entropy gluon plasma

=== fast hydrodynamic expansion of gluon plasma.

. 5

1. Order Phase Transition at T_c =270 MeV of flavorless QCD.

-

Transition from glue plasma in GlueBall fluid

. =

Glueball-Hagedornstates mix with quarks, decay into Hadrons

3/4/2016 Horst Stoecker 46




proton Linac 50 MeV
accelerate p in SIS18/SI1S100
produce pbar on target
collect pbar in CR, inject
simultaneously pbar & p into
HESR as Collider :

32 GeV pure glue !

oecker, GSI: Cosmic Matte
CC, LHC, RHIC and FAICourtesy Jim Ritman,FZJuelic



PANDA Detector
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PANDA Program: 2 GeV — 5.5 GeV

|: Hadron spectroscopy
light mesons, baryons, charmonium, open charm,
QCD exaotics: glueballs, hybrid states, X,Y,Z

lI: Electromagnetic processes
time like form factors, transition distribution
amplitudes, TMDs, ...

PANDA

AaProcon Ao a1 Daiscadk)

Strong Interaction Studies with Antiprotons

[1l:Hadronic interactions:
Hyperons, Hypernuclei,
In medium-effects

0903.3905
PAND®physics workshop in Uppsala, June 8L—f521£29}§—]

2015




X(3872): PANDA vs. Belle Il And BES llI

Some numbers, considering JAp mtn” decay mode only:

* PANDA, assume o(pp — X(3872))=50 nb

atistics ~130 (1300) per day @h peak for £=2 x 10* (10%) cm™ s}

efficiency —90% rged, exclusive)
hlgh hanet R —N 20 (fivad +areat) L Rw—1 QR

mass 350 X(3872)/day PANDAisan . .
< 820 Y(4260)/day XY Z factory ex@s72)
effien 176 2(3900)/(: ay : lineshapel

small poost py=u.42 |Dele), py=uv.£0 |DEne 11)

mass resolution ~10-20 MeV (unfitted)
* BESIII
e+e— — Y(4260) — yX(3872)  BESII, Phys. Rev. Lett. 112(2014)092001

~1200 Y(4260) per day (c~60 pb, integrated luminosity =20 pb /day)

but branching fraction small, only =0.5%[=20 events in ~4 weeks) 2

rare

P
Y

[S.Lange, Worms 2014]



Particle production in pp collisions

. 5 (20
Formation: .

mm) Al JPC allowed for (qq) accessible in p p

c.f.

Only JP¢ = 1— allowed in e*e-
(to 1st order)

PC=1"

3/4/2016 Horst Stoecker
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X, Y, Z, Charm-Hybrids, Penta-Quarks, Tetra-quarks, Glue-Balls
- PANDA explores their properties up to masses ~ 5.5 GeV

Two-body
Thresholds

Molecules

Gluonic
Excitation

qq
Mesons

P momentum [GeVic]

0 2 4 6 8 10 12 15
| | | | I | | |
™ S
Fs BB
qgaq e
ddg,liug,ssg ¢Cg
ggad. g9
#g:t :;ﬂegc:-ns Charmonium
p, T a h K Jhy, 5, w(25)
| I I i I I

Mass [GeV/c?]




Beyond standard quark configurations

 QCD allows much more than what we have observed:

Exotica
P g Y
|'ll I". ¥ ¥ v £ "'I
[ i _ f 1

B
\ .'I q | .'I
\ v .\\-/;,
£ g lf' A
S |II II|I
| ||
|I . . I, I|I
VA U
| q |'II I'I
| |
|’7I 'I
."II q II"! _.."II
gy Ry
q
q

9

q

hybrid:
with gluon excitation

glueball:
pure gluon state

4 quark state:
compact 4—quark state

hadronic molecule:

bound state of two mesons
Horst Stoecker

Qi
e

Mesons

_ may have J°¢
not allowed for

J 99

Courtesy C. Hanhart
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Lattice QCD vs pure YM: glueballs

54



Search for Heavy Glueballs

12  Charmed Glueballs
— flavour blind decays
10 _3“ 14 « charmed final states
8 — only afew charmed mesons
L 13 _ around 3 - 4 MeV/c?
& 6 gi__;EO— ! E « less mixing
B 12€ « Exotic glueballs (oddballs),
4 | o — o
no mixing!
2 | | _ m(2+) = 4140(50)(200) MeV
| — m(0+) = 4740(70)(230) MeV
— -+ +- S — decay modes ¢¢, ¢n, J/yn, J/yd
Morningstar&PeardErf,: PRD60(1999)34509 — Narrow widths predicted
i\r/llggr;i;gstar & Peardon, PRD56(1997)4043 QUENCHED pure gauge Lattice

3/4/20@Bpertal Beoll., RBRC-Bielefeld coll, 5'@%%%%3%%%%8&?2@@@%” 55
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Holographic vs. lattice glueball spectra
Seiji Terashima,YITP,Kyoto, Koji Hashimoto,Riken, Chung-I Tan,Brown, arXiv:0709.2208

12
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0 0 0 ) %
. 5 o ED 6 2" 9
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4 - ++
0 |
Holographic _ _ 11
| ? [Pure gauge Lattice SU(3)
4d QCD r\/lornlngstar—Peardon
AdS Glueball Spectrum 0 0
0 ++ -+ +- —-

PC

++ -+

Brower-Mgfhur-Tan, 2000

P- =1 dropped .



ro Mg

Glueball spectrum

5

12 | - 1 b @ This work (unquenched, fine)
Q" m— —Range pf PANDA CXpt. @ This work (unquenched, coarse) | -
- B Morningstar and Peardon
I T
10 | 2 2: | 4 A ¥ Expt. a
3" 3+ En0s)
i ¢ (IP) i
8 | . _ % %2
O™ e— 17— 13 =
0 ﬁ (33— ‘@ $§]C -
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|, S| : . d
4 | QT w— *(2220)
- _
| o, (1710
> | ! ! £ o0 P £(1525)
f,(1370) n(1295) £,(1270)
1
0 : : : - 0 ++ -+ ++
++ -+ +- -- 0 0 2
Quenched results: First unguenched results:
Morningstar-Peardon pion mass 360 MeV

Phys.Rev. D73 014516 (‘06) UKQCD coll. PRD82 (‘10) 3450
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Pure YM gauge theory on the lattice:
a hot glue plasma
a 1. Order PhaseTransition,

a warm Glueball Fluid ! ?
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The early eighties: predictions of QCD phase structure

1. two different phase transitions:

Svetitsky& Yaffe: F.O.P.T. In pure gauge YM theory:
“glueplasma — GlueBall fluid” — no quarks!

Pisarski&Wilczek: chiral massless quarks

F.O.PT QGP-Hadrons, but crossing if quark mass nonzero

2. - two chemical saturation eq. timescales in RHICs:

Raha/Sinha; Shuryak; T. Biro, B. Mueller, X.Y. Wang Transport Theory
Fast chemical saturation: pure glue! But Slow saturation: quarks !

Search for pure gauge YM F.O.P.T. at early times in colliders?
=> Early pp, pA: Glue <=> GlueBall: new QCD phase structure?
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Pure LGT thermal GlueBall-matter observed at RHIC and LHC 1?

Entropy of the confined phase (N =3, Nf-O)

0.4 e ;
: 8 x 64> —— :
00 2 12 x 80° —e— E
0.3 [| Glueballs (<2M;) + Hagedorn (>2M;) 5
5 idem, with T,% = 30/2n - ]
- 025 | Glueballs (<2Mj) ------ :
P : ++ ++ - . :
~ 02¢ 0"" & 2™ contribution - - - -
7 ; E
0.15 [ o
0.1 | ;
[ ® .= AT e
0.05 | g i e VT - -_
w"w-r:r’ge-:-":"—":”?:-_— ‘‘‘‘‘‘‘‘ 3

0 PR T | PO TN [T TR TN SR SR NN SN SN SN SN S S SU S S S S S S
0.7 0.75 0.8 0.85 0.9 0.95 1

Harvey Meyer, Univ. Mainz Tl

FIG. 3: The entropy density in units of T® for LT = 8. We
3/4  applied a (modest) volume-correction to the N; = 12 data. 60



Lattice Gauge Thermodynamics of the GlueBall-matter fluid

(T)/T4

0.01

i mn 1 n
Co ~J O n

cont. limit
-=- glueball gos &

Pure YM gauge: Glue Plasma

XX lottice, cont, limit

— Qlueballs + Hagedorn
- - - porameterization

do((\’ L
yed s P

4‘. -

‘o" \)‘0\\6

-

\~
Q‘OQI 0’4 "

‘Oo’, (LG\

g-l#||||||||||||||||||

:'_ %\a\e%, = —

0.8 0.9 1
/T,

0.8 0.9

Wuppertal-Budapest (W.-B.)Collaboration: JHEP 1207 56 (‘12)

High precision continuum result for the quenched equation of state. T/Tc

Low temperature behavior and phase transition described by Hagedorn-GlueBall spectrun
W.-B. use 12 GlueBall states (Morningstar-Peardon) plus Hagedorn-GB towers

(as proposed by Harvey Meyer).

/4119701 R
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wol PP ~05fm/c R= (06 09) fm I ol AtATT05TmIC R, = (6-9)fm
FAIR™: [ Pure SU(3)
_500F HESR B (2+1)flavorQCD | ~50f
> o>
O 400} p'pBaR %400_
g collider =N
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FIG. 6: (Color online) Dependence of the initial temperature T on the collision energy for QGP
and pure SU(3) scenarios in (a) p+p and (h) A+ A collisions. The uncertainty bands result from

variation of the transverse radius.



pure gaug

_ _ _ . glue only!
LHC/RHIC/FAIR*: time evol. in pp & AA t=0.1fm/c

No Quarks !

I

o’e Quenched QCD: glug +GlueBafls
M_>2.5GeV t=1fng

few heavy Quarks\‘
T_cp =250 MeV ) $’
rd

7
2fm/c.¢Qu grkd ensity
= is# not yet equilibrated

3fm/ I—ﬁjroniz,aﬁon.ul =3

V4
4fm/c Fréeze Out ?
O /

physical
point

7

suolnisuel] aseyd Jo 19plQ :10|d elqun|o)d
Aloay] abnes aome 10|09 (£)NS

ms / /
’ crossover
q 1 ordD
0
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Cosmic GlueBall-Matter at CERN LHC and BNL RHIC

SIS
LHC - B CERN

-==T ATLAS
n Point 1



Cosmic GlueBall-Matter at CERN LHC and BNL RHIC

ALICE covers:

- central: [n|<0.9 |
- forward -4.0<n<-2.5 : L B
regions e S~ (1
(o) il | :

- hadron, electron,
muon channels

26 May 2011 65



ALICE @ LHC: Pb-Pb collisions Vs, = 5.02 TeV

First Data Nov. 25LHC design HI luminosity 10?” stcm™ Dec. 1
Increase of statistics by a factor of 3-10 (centrality, ...)

PURREP U TTT R

Run:244918

Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb

Energy: 5.02 TeV




Extreme computing challenges require power efficient high performance computing
data storage & -analysis: Spin-off from Nuclear Physics to Industry & Business

Green Cube at GSI -4- FAIR Nr.1 Green-500: GSI L-CSC Computer
Supercomputer Fair, New Orleans, USA
November 2014

12 MW power consumption, PUE<1.07 5.27 Gflops/watt power consumption
T. Kollegger, AIME Big Data, Budapest with AMD FirePro GPU



Traditional picture of QCD matter in Heavy lon Collisions

Initial Color Glass Condensate === Glasma thermalizes
=== fast equilibration of Gluons and Light flavor quarks
high pressure, entropy s== hydrodynamic expansion
== flOW V2 as excellent Barometer: probe of QCD matter.

|

Hadronization @ T=155MeV: crossing of 2+1 flavor QCD

|

Hadronic yields and v2 at RHIC and LHC measured=> FIT !

|

Comparison of v2, HRG T= 155 MeV, with LHC data
“understanding” of QCD matter and - dynamics

3/4/2016 Horst Stoecker
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how can a system evolve
to thermal equilibrium
In such a very short time?

Initially: very far from equilibrium !

Anisotropy parameter v,

Fast thermalization required for Hydro

f~0O(1)

f ~1/a, for p<

2

7

12+1QCD Hydro-Onset time < 1fm/c =
— hydro /Fi\?

[ | T T T | T T T | T T
- Run2Au + Au at \ISNN = 200 GeV, Minimum Bias, n| < 0.35

0.3__ A T+
B K+K

[ ®p+p
0.2—

— hydro K k.
- — hydro p i \ /
0 | 1 1 1 | 1 1 1 | 1 1 E
0 2 4
Transverse momentum p, (GeV/c) 1/ \)

20/05/2015 Kai Zhou, Goethe Uni Frankfurt, Transport Theory Meeting
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-3/4/2016 -

0.6 P — ] But:
(el Time evolution of fugacity
%_ '-.._M RHIC f _ / eq
<o N - ugacity =n/n
= N\
2 ~~__ | ofgluonsand quarks (g, g)
= o2 . | from pQCD-based rate eq.
- . |
S, | Fastgluon saturation,
T frr, <)
1 —— I — .
- 1 slow quark saturation
B HC (k) -
0.8 j —
< b ~. .  T.S.Bir6, B. Mueller, X. N. Wang,
< 00r \ -~ 1 BMW:-coll., PRC48,1275 (1993)
3 oal N ~. _.-—-|  also Kaempfer et al,
— - \\h - } _]I also Strickland...
orf T
ﬂt-;_'-‘“’ ] L IEPR B

Horst Stoecker
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¢r Fast

[ [ T T I
RK f(x,p) = A/(e®”T + 4)

- RK f(x,p) = A/(ePT £ 1) .
1,50.25 fm/c, €,61.4, €,=1.45 GeV/fm’

ng/ng(l!i::i;]#___,,--""

n saturation

o T=415

Saturation
nw/nq(.lqﬂ)

RHIC

4.0

Rate equation calculation
D.M. Elliott, D.H. Rischke,Nucl.Phys. A671,583 (2000)

3/4/2016

T,=0.25 fm/c

ast gluon saturation,

siow guark saturation

RK f(x.p) = A/(e”T + 1)

A o RK f(x.p) = A/(e”T + 1)

€,5425.0, €,=1.45 GeV/fm’ |

4.0 6.0 8.0 10.0
T [fm/c]

Horst Stoecker

12.
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Gluon yields & quark yields F. Senzel, Z. Xu, C. Greiner BAMPS

60 . . . .
gluons
quarks
50 -
Gluons
40 -
£ 30 PYTHIA init.cond. -
XT<1.5fm
20 Ng|<0.5 ’
10
0
0 1 2 3 4 5

3/4/2016 Horst Sto%cl[

fm]



Pure YM Glue Matter created at FAIR*, RHIC, LHC ?

Early proposals for two phase transitions and two timescales in RHICs:
Svetitsky Yaffe Pisarski Wilczek Raha Sinha Shuryak Biro Kaempfe
. CGC Gluon Supersaturation — Overoccupied Glue, BEC
. Fast Gluon Equilibration — slow quark saturation

. Early 1.0rder Phase Trans. in Yang-Mills gauge theory
. Pure YM Gaugetheory Nf =0 -“physical” Nf=2+1 QCD Nf=fct of time

. Second Transition Quarks-Hadrons 2+1-QuarkGluonPlasma”crossing”
. GlueBalls-HagedornStates, two body sequential decay cascade

. Hadron yields, <pt> vs. Multiplicity, Flow & Ridge in pp, pA, AA

co N O O A W DD PP

. Dileptons, Photons vs. Multiplicity in pp, pA, AA

Horst Stoecker, Judah M. Eisenberg Prof., ITP & FIAS, Goethe Univ. Frankfurt
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Time evolution of high multiplicity pp AA
at RHIC and LHC In pure YM scenario
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. Pb+Pb40-50%
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— HNdt=0.0333|
HN dt = 0.01
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| +=8.50fm

7|fm]

H. Niemi, LongGanqg Panq, V. Vovchenko, HST
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Pure YM LGT vs. 2+1 flavor Lattice QCD
Energy density (EoS) DIFFERENT for different quark masses

£/T4 | | | | |
Energy density from
- 2+1 flavors —— : .
20 3 degenerate flavors Sz. Borsanyi et al., W.P.
g Wuppertal-Budapest col
quarkleSS SU(S) theory e JHEP 1011, 2010,077’
5 | Hadron Resonance Gas —-- SB— PLB730, 2014, 99
RN it “physical point” 2+1
10 | il A {T_c.0. =155 MeV
)
LR
.;55 N_f=3,m,4=mq
Y I T _c.0. =220 MeV
5 r Y SB —
}jj « v * " " " Ypure gauge YM
al O P.Transition from —
-—' II:@{M glue- pIasmaTt T_c =270 MeV
ELLL e s s = » nin  GlueBall- Hag orn Lt.
%ggom 150 Horst%ﬁngcker 300 350 QuenChed W.B. coll.

JHEP 1207, 2012°056



Multi-component eigenvolume HRG vs lattice QCD

“Diagonal” EV model

“Crossterms” EV model

Tn 2
2T, 16 ., p= E l bij = 3 —n(r; +
P = Vi = Tr N . b..
1— Zivini 3 l J = Zbllbl]
N . 1/3 U p.. .
Bag-model inspired parametrization: 1; ~ mi/ b_ll + b]l
pressure energy density
--------------------------- 16
e Y AR G e bk NN ]S SR S
B=0 I p=0
' ME_ 000
4_—rp=0.00fm [ P - 040
— 1, =0.10fm 2r—h m
[ —r =0.151m ol 5 g;g:m
¥ 3F—— = < —r,=0.200m
- r.=0.20 fm - ]
& | —1,=030fm Sof 1 =0min
Al [, =035fm ol r,=0.35fm
Solld withb _ Solid: with b,
[ Dashed: onlyv 4 | Dashed: onlyv, 7
T Dotted: b,, r,=0 - Dotted: by, =0
# - -
00 100 200 300 400 500 600 00 100 200 300 400 500
T (MeV) T (MeV)

Wuppertal-Budapest Lattice data well described by EV HRG
with r, = 0.15 — 0.20 fm up to T=250 MeV

)’

V. Vovchenko, HST



Multi-component bag-eigenvolume HRG vs lattice QCD

Susceptibilities carry information about finer details of the equation of state

0.30 —— 0.7 g ———— L
pB=0 pB=O ,’I/, I - 09L pB=O Solid: only v,
025} 08} ’ ™ Dashed: with b,
Solid: only v. Solid: only v 08 r=0
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020k i Dashed: with bU 0.7
— 06+ * Lattice QCD
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0N 645 I'!__—O  Latios GCD o 04 n ® N —= 0.00 fm
ot <o = o Lattice QCD RO ot5mm
—r =0.00fm 03F _ N 7/ ey
i —r,=0.00fm 04F —r =020fm Y/

0.10} = EAALID : —1,=0.15m 1 =025

—r =0.20fm 02+ P ] 03+ r=025fm S N
. —,=020Mm —— =030 4 Y55

—r =0.25fm _ 02+ p . o

0.05F P —r =025fm )/
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000 L 1 1 L ! 1 L | 1 N 1 00 .............. 00 llllllllllllll
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strange vs non-strange hadrons

r=0 : HRG of point particles - different volumes at same mass

cannot follow lattice data above T=160 MeV
Finite eigenvolumes of hadron bags:
dramatic improvement towards lattice data

V. Vovchenko, HST, in preparation



Interacting hadron-resonance gas
versus lattice QCD

Vovchenko, Anchishkin, Gorenstein PRC 91, 024905 (2015), left rhs: V. Vovchenko,HST work in prog

Eigenvolume (r = 0.3 fm) _ B
+ Hagedorn tower (T, = 160 Mev) Eigenvolume v; = m;/€q

5.5 j T T T j T T T T T | — LE— T T T T T ]
50 MB:O Mg =2 GeV ) 16:_“_qu_________i___-'_________________?gB___
4.5 _ T = 160 MeV /1 1al  Solid: Interacting HRG, s,=11.4 GeV/im* i
40l ° Lattice QCD m, = 500 MeV ] - Dashed: Ideal HRG ; ; § 37
I r=0 _ 3/2 12 1 HIEEHHHH i ]
3.5 _ C =10.05 GeV g . it Lqanitit
Y 30t 10 1 ;IEE!
- [ - s T
W 25t 8t 4
5t _ 3p/T* |
2.0 sl i
1.5} . . - I
3 Solid: with Hagedorn 4+
10F Dashed: no Hagedorn N
051 0 1 | -
00 L 1 L 1 N I L 1 . 1 . 0 s 1 " 1 s 1 L 1 L 1 L
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Lattice data clearly require finite eigen-volume of hadrons v; = m; /€
Lattice data fitted by HRG up to T~250 MeV - if Eigenvolume is respected




Multi-component eigenvol. HRG vs ALICE hadron yield data
KK P P 5 500 A KS ¢

m n_ E
Two eigenvolume parametrizations: ; : . AKE Pb% Su_mm Ep—
i _f IV
1) Point-like mesons, Baryons 15 = 0.3 fm ju w.—"" 001m.T=154 MoV, R=1081m 1K, =302/
1/3 T r 05fm T 274MeV R— 98fm f;‘N '151/10
2) Bag-model inspired EV model: r; ~ m; IR
| e T =]
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ALICE yield data fit wide temperature range, two different eigenvolumes parame
V. Vovchenko, H. Stoecker, arXiv:1512.08046 [hep-ph]



Multi-component eigenvol. HRG constrained to lattice data

conservative approach: constrain HRG parameters by lattice data
Crossover EoS of QCD: matching HRG low (T, u) - pert. QCD high (T, u)

p(T, 1) =1 —=S(T,1)]Pure(T, 1) + S(T, W) Ppocp (T, 1)
Transition from EV HRG (r; ~ mg/g) to pQCD at T, = 175 MeV via switching funct

Albright, Kapusta, Young, PRC 90, 024915 (2014)
Fit to yield data at T < T, with 1, = 0.43 fm - Consistent with lattice

180 45 ,
170 | + ] sob 10
160 | + + + - 351
< 150 F + ¢ . 01
% - L e - T 25f
S 140t S ] c
~ e Point-particle HRG ] O oot
= 130 ¢ Eigenvolume HRG
I 151
120 Cleymans et al. _
i Andronic et al. T 10l o Lattice QCD |
110 I ] = ="Diagonal" EV + pQCD, ¢, = 797 MeV/fm®
I ] 05r 4 ——"Crossterms" EV +pQCD, &, = 704 MeV/im”
100 . 1 ) I ' 1 . 1 . 1 ) 0.0 o ) ] ) I ) | . |
0 100 200 300 400 500 60( 100 200 300 400 500
1, (MeV) T (MeV)

Results: systematically better y?, higher freeze-out T and u, smaller curvature

of freeze-out curve _
V. Vovchenko, H. Stoecker, in preparation



Multi-component eigenvol. HRG vs NA49 hadron yield data

Bag-model inspired EV model: r; ~m

500
"Crossterms" EV, r= 0.5fm

| Contours: same y” as best fit at rp=0
400 + N
AT b Ge

12.3 GeV

8.8 GeV

76GeV
6.3 GeV

100 - Circles: e 0.5 fm

Diamonds: = 0.0 fm

| Il | |
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0 ' | |
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1/3
i

E/N contours
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"Crossterms" EV model
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Chemical Potentials and Temperatures shows large uncertainty !

freeze-out criterion E/N = const. ok, but ‘const.” depends on chosen eigenvolumes
Can freeze-out T-mu extraction with HRG
In ISENTROPIC Expansion ever be reliable? => Measure S/A, not T !

V. Vovchenko, H. Stoecker, in preparation



viulti-component eigenvoliume ARG VS NA4Y nNadron yieild
data

500
"Crossterms" EV, s 0.5fm

 Contours: same y as best fit at r=0
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AT 3//7

100

Circles: I = 0.5fm

" Lines: S/B const. Diamonds: = 0.0fm
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Wide y? minima regions correspond approximately to isentropic curves
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VoVchenko: NA49 data allow measurement of S/A= const (energy)!




Signatures for pure glue => glueball scenario

New event-class in high multiplicity pp & pA
at FAIR*, RHIC and LHC
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|dentification of Glueballs

Lightest Glueball predicted near two states of same Q.N..

“Over population” Predict 2, see 3 states

Glueballs should decay in a flavor-blind fashion.

e KK inn:n'n':nn'=3:4:1:1:0

Production Mechanisms:
Certain are expected to by Glue-rich, others are

Glue-poor. Where do you see them?

Proton-antiproton
Central Production

Jhy decays

Courtesy of Curtis Meyer, Carnegie Mellon, ODU

October 30, 2007
Colloquium
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Hagedorn hadronization: cascacge__'
of sequential 2-body decays:
yields/ratios vs ALICE data

0.5 :- i x20

L ]
l'.‘
-
.8

A o, o
E 03 |
D=D/SNN = 0.9TeV - B=8=0=0 ! )
I 02} R-0.8m ‘/-—-— e 00 ¢
I, . 0.1 [ i o0 ® . ............ B
Ph-Ph: =28TeV | s
0 h gt ®T L1
0 1 3 4 5 6 7 8
My [GeV]
data: ALICE @ LHC p-pP Pb-Pb 4 GeV 8 GeV
K= /m~ 0.123(14) 0.149(16) 0.187 0.210
p/T 0.053(6) 0.045(5) 0.043 0.066
AN/m™ 0.032(4) 0.036(5) 0.021 0.038
AP 0.608(88) 0.78(12) 0.494 0.579
=/ 0.003(1) 0.0050(6) 0.0023 0.0066
Q /7~ - 1073 — 0.87(17) 0.086 0.560

M.Beitel, K.Gallmeister, C.Greiner, PRC 90 (2014) 045203



Alternate Scenario: pure gauge matter in pp, pA-AA?

Initial Color Glass Condensate === Glasma thermalizes
fast equilibration of Gluons, slow equil. of quarks
high pressure, entropy gluon plasma

=== fast hydrodynamic expansion of gluon plasma.

. 5

1. Order Phase Transition at T_c =270 MeV of flavorless QCD.

-

Transition from glue plasma in GlueBall fluid

. =

Glueball-Hagedornstates mix with quarks, decay into Hadrons

3/4/2016 Horst Stoecker
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